Introduction
Nucleotide excision repair (NER) is an evolutionally conserved DNA repair pathway that removes a wide range of structurally unrelated bulky, helix-distorting DNA lesions, including UV-induced cyclobutane pyrimidine dimers and pyrimidine-pyrimidone (6-4) photoproducts as well as chemical carcinogens [1] . NER comprises two subpathways: global genome NER (GG-NER) and transcription-coupled NER (TC-NER). GG-NER occurs throughout the entire genome and TC-NER specifically removes DNA lesions from the transcribed strands of active genes [2] [3] [4] . DNA lesions are recognized by distinct mechanism in each pathway. In TC-NER, RNA polymerase II (Pol II) stalled at a lesion on the transcribed strand is thought to serve as the damage recognition signal. Subsequently, TC-NER-specific factors including CSA, CSB, UVSSA, and XAB2 are recruited to the lesion site [2, 4] .
Cockayne syndrome (CS) and UV-sensitive syndrome (UV S S) are autosomal recessive disorders that results in deficiencies in TC-NER [1] . The clinical features of CS patients are photosensitivity, growth failure, progressive neurodevelopmental disorder, and premature aging, but no predisposition to skin cancer [5] . CS consists of two genetic complementation groups, CS-A and CS-B [6, 7] , which are caused by mutations in CSA [8] and CSB [9] , respectively. UV S S patients show photosensitivity and mild freckling but no neurological abnormalities or skin cancer [10] [11] [12] [13] . Three complementation groups have been identified among UV S S, defined by mutations in CSA [14] , CSB [15] , and UVSSA [16] [17] [18] . Cells from CS and UV S S patients are hypersensitivity to UV light and exhibit reduced recovery of RNA synthesis after UV irradiation [6, [11] [12] [13] 19, 20] .
The UV-stimulated scaffold protein A (UVSSA), the product of UVSSA, consists of 709 amino acid residues. UVSSA contains a Vps27/Hrs/STAM (VHS) domain (1-150 amino acid residues) and a conserved domain of unknown function (DUF) 2043 (496-605 amino acid residues) in the N-terminal and C-terminal regions, respectively. UVSSA interacts with ubiquitinspecific peptidase 7 (USP7) [16, 17, 21] . USP7 has a tumor necrosis factor receptor-associated factor (TRAF) domain and five ubiquitin-like domains in its N-terminal and C-terminal regions, respectively. The interaction requires the TRAF domain of USP7 and the TRAF-binding motif (251-254 amino acid residues) in the central region of UVSSA [22] . UVSSA is protected from rapid proteasomal degradation by the interaction with USP7 [22] . UVSSA also interacts with CSA, CSB, TFIIH, and Pol II [16] [17] [18] 21] . UVSSA protects CSB from UV-induced degradation and is involved in the restoration of the hypophosphorylated form of Pol II in collaboration with USP7 [16, 17] . UVSSA was also shown to be ubiquitinated regardless of UV irradiation [17] .
In this study, we identified a target lysine residue for ubiquitination in the central region of UVSSA. The interaction of UVSSA with USP7 is prevented by a mutation in its TRAF-binding motif, giving rise to phenotypes such as rapid degradation of UVSSA and deficiency in TC-NER [22] . The phenotypes were suppressed by a mutation of the target residue for ubiquitination in UVSSA, indicating that ubiquitination of Lys 414 is important for the regulation of UVSSA and TC-NER.
Results

UVSSA is ubiquitinated in vitro
UVSSA is ubiquitinated [17] and related to ubiquitination of Pol II in response to UV irradiation [18] . Therefore, we investigated whether UVSSA is associated with ubiquitin ligase activity and ubiquitinated. FLAG-HAtagged UVSSA was purified using a baculovirus expression system and subjected to in vitro ubiquitination assays. First, ubiquitin ligase activity was examined using a panel of ubiquitin-conjugating enzymes (E2). FLAG-HA-UVSSA was incubated with UBE1, a ubiquitin-activating enzyme (E1), several UbcH proteins (E2), ubiquitin, and ATP and analyzed by western blotting with an anti-ubiquitin antibody (Fig. 1A) . The DDB2 complex has ubiquitin ligase activity [23] and was used as a control (lane 20). A smear indicating ubiquitin polymerization was detected in the presence of UbcH5a, H5b, H5c, H5d, and H6, and the signal intensity was independent of UVSSA. These results indicated that UVSSA does not display ubiquitin ligase activity in this assay system. By contrast, the anti-UVSSA antibody detected a shifted band for UVSSA (Fig. 1B) . The shifted band was detected in the presence of ATP, ubiquitin, E1, and E2 (UbcH6 in this experiment) (Fig. 1C,  lane 8) . The results and molecular mass of the shifted band indicated that UVSSA is mono-ubiquitinated in this system.
To identify the region that is ubiquitinated in UVSSA, the ubiquitination assay was performed with a series of truncated UVSSA proteins (Fig. 1D) . UVSSA and UVSSA 151-709 lack the C-terminal region containing DUF2043 and the N-terminal VHS domain, respectively. Shifted bands were detected in the presence of both UVSSA mutants as well as fulllength UVSSA (UVSSA 1-709 ) (lanes 2, 5, and 8). When Myc-tagged ubiquitin was used instead of ubiquitin, the bands were super-shifted (lanes 3, 6, and 9), indicating that UVSSA and UVSSA 151-709 were ubiquitinated. UVSSA , which lacks the N-terminal VHS domain and the C-terminal region, was also ubiquitinated (lanes 11 and 12), whereas UVSSA was not ubiquitinated (lanes 14 and 15). These results indicated that a ubiquitination target site is present in the central region (residues 151-495) of UVSSA.
Differential regulation of UVSSA ubiquitination by USP7 in the presence of different E2s
We previously reported that interaction with USP7 prevents the proteasomal degradation of UVSSA, and the stabilization of UVSSA is essential for TC-NER [22] . Therefore, we next examined whether ubiquitination of UVSSA is affected by USP7. In vitro ubiquitination assays using UVSSA alone or the UVSSA-USP7 complex were performed in the presence of UbcH5c and H6. Mono-ubiquitinated UVSSA was detected after incubation of UVSSA alone at 25°C ( Fig. 2A,B ; lane 5) and 37°C (lane 6). In the presence of UbcH5c, mono-ubiquitination of UVSSA with the UVSSA-USP7 complex was lower than that with UVSSA alone ( Fig. 2A ; lanes 5 and 11, lanes 6 and 12). These results suggest that USP7 functions in the deubiquitination of UVSSA.
In the presence of UbcH6, mono-ubiquitination of UVSSA with the UVSSA-USP7 complex was comparable to that with UVSSA alone ( Fig. 2B ; lanes 5 and 11, lanes 6 and 12). This suggests that E2s and USP7 competitively modify UVSSA and that UbcH6 4, 7 , 10, and 13). Myc-ubiquitin was used instead of ubiquitin in lanes 3, 6, 9, 12, and 15. Western blot analysis was performed with anti-HA antibody (left). Schematic representation of wild-type and truncated UVSSA (right). UVSSA contains a VHS domain (green box), a DUF2043 domain (purple box), and nuclear localization signals (black box).
is a more efficient E2 than UbcH5c or that UbcH6 inhibits the deubiquitination activity of USP7.
Next, the effects of UbcH5c and H6 on the deubiquitination activity of USP7 were examined using ubiquitin-rhodamine 110 as a substrate. USP7 alone or the UVSSA-USP7 complex was incubated with ATP, E1, E2 (UbcH5c or H6), and ubiquitin at 25°C for 1 h. Then, ubiquitin-rhodamine 110 was added and deubiquitination was monitored by measuring the increase in fluorescence intensity. The presence of UbcH5c had no effect on the deubiquitination activity of USP7 (Fig. 2C , left) and UVSSA-USP7 (Fig. 2C, right) . However, UbcH6 decreased deubiquitination by USP7 and UVSSA-USP7 to 54% and 31%, respectively, indicating that the deubiquitination activity of USP7 is inhibited by UbcH6. These results suggested that ubiquitination of UVSSA is differentially regulated by USP7 in the presence of different E2 enzymes.
Lys 414 of UVSSA is a target of ubiquitination
To identify the specific lysine residue in the central region of UVSSA that is ubiquitinated, UVSSA homologs were aligned using ClustalW (Fig. 3A) . Several potential ubiquitinated lysine residues with different degrees of conservation were identified, among which Lys 414 is the most conserved. In addition, an unbiased proteomic screen of DNA damage-induced ubiquitination revealed that this residue is ubiquitinated upon UV irradiation [24] . Therefore, Lys 414 was replaced by Arg, and the effects of the substitution on ubiquitination were examined (Fig. 3B) . In vitro ubiquitination assays were performed using wild-type UVSSA (WT) and the K414R mutant. The anti-UVSSA antibody did not detect mono-ubiquitinated UVSSA K414R in the western blot, indicating that Lys 414 is critical for UVSSA ubiquitination and suggesting that Lys 414 is the ubiquitination site.
We previously showed that the Ser 254 residue of UVSSA is important for binding to USP7 [22] . UVS-SA S254A cannot bind to USP7 and is rapidly degraded by the proteasome. To determine whether UVSSA ubiquitination is differentially regulated by USP7 in the presence of different E2s. In vitro ubiquitination assays were performed with UbcH5c (A) and UbcH6 (B). UVSSA (lanes 1-6) and the UVSSA-USP7 complex (lanes 7-12) were used, and the reaction mixture was incubated at the indicated temperature for 1 h. The samples were subjected to western blot analysis with anti-USP7 and anti-UVSSA antibodies. (C) The effects of E2 on the deubiquitination activity of USP7 were examined. USP7 (left) and the UVSSA-USP7 complex (right) were incubated with a ubiquitination reaction mixture containing UbcH5c or UbcH6, and deubiquitination activity was measured using ubiquitinrhodamine 110 as a substrate. Deubiquitination was monitored by measuring the increase in fluorescence intensity. The deubiquitination activity with UbcH5c or UbcH6 was compared with that without E2.
Values represent the averages of three independent experiments, and vertical bars indicate standard deviations. 10) .
To confirm that Lys 414 of UVSSA is a ubiquitination target site, UVSSA K414R ubiquitination was examined in cells. Kps3 cells have a homozygous c.367A>T mutation in UVSSA, resulting in premature termination at amino acid 123 (p.Lys123*) [16, 18] . UVSSA-deficient Kps3 cells were co-transfected with pcDNA3.1-6 9 Myc-ubiquitin and pcDNA3.1-FLAG-HA-UVSSA WT or a UVSSA mutant (K414R, S254A, S254A-K414R). After 24 h of transfection, cells were treated with the proteasome inhibitor MG132 for 8 h. UVSSA S254A is rapidly degraded by the proteasome in stably transfected cells, but is expressed at a comparable level to UVSSA WT in transiently transfected cells [22] . Cell lysates were prepared and subjected to immunoprecipitation with anti-FLAG antibody and western blotting with anti-Myc and anti-HA antibodies (Fig. 3D) . Although mono-ubiquitinated UVSSA was detected in an in vitro ubiquitination assay, it was not observed in this assay. Instead, a smear indicating poly-ubiquitinated UVSSA was detected in the presence of UVSSA WT and UVSSA S254A (lanes 2 and 4). UVSSA S254A was more poly-ubiquitinated than UVS-SA WT , which is consistent with the idea that UVS-SA S254A is susceptible to proteasomal degradation. Ubiquitination of UVSSA K414R and UVSSA S254A-K414R was not detected (lanes 6 and 8) . These results indicated that Lys 414 of UVSSA is a poly-ubiquitination target site in cells.
UVSSA K414R interacts with USP7 in a manner similar to UVSSA WT UVSSA interacts with USP7 [16, 17, 21] . Therefore, we examined whether UVSSA K414R interacts with USP7 (Fig. 4) . UVSSA-deficient Kps3 cells were transiently transfected with UVSSA constructs, and cell lysates were prepared from the transfected cells. All exogenous UVSSA proteins were expressed at comparable levels (lanes 2-5). Immunoprecipitation with anti-FLAG antibody showed that USP7 co-precipitated with UVSSA K414R (lane 9) and UVSSA WT (lane 7), but not with UVSSA S254A (lane 8) and UVSSA S254A-K414R (lane 10). By contrast, CSA co-precipitated with all the UVSSA mutants as well as UVSSA WT . These results indicated that UVSSA K414R interacts with USP7 and CSA in a manner similar to UVSSA WT .
Deficiency in TC-NER caused by the S254A mutation of UVSSA is suppressed by the K414R mutation
To investigate the functional importance of UVSSA ubiquitination, Kps3 cell lines stably expressing FLAG-HA-tagged UVSSA K414R (K414R cells) or UVSSA S254A-K414R (S254A-K414R cells) were established. The cell lines expressing FLAG-HA-tagged UVSSA WT (WT cells) and UVSSA S254A (S254A cells) were established previously [16, 22] . Expression of UVSSA K414R and UVSSA S254A-K414R was comparable to that of UVSSA WT ( Fig. 5C; lanes 3, 7, and 9 ). The level of UVSSA S254A was considerably lower than that of UVSSA WT (Fig. 5C ; lane 5) because UVSSAS 254A cannot bind to USP7 and is degraded by the proteasome [22] . First, we examined the effects of the K414R substitution of UVSSA on UV sensitivity. The viability of cells exposed to UV irradiation was measured by colony-forming assays (Fig. 5A ). K414R cells were more sensitive to UV light than WT and normal (WI38) cells and less sensitive to UV light than the parental Kps3 cells. As shown previously [22] . Cell lysates were prepared, and immunoprecipitation (IP) was performed with anti-FLAG beads followed by western blotting (WB) with anti-USP7, anti-UVSSA, and anti-CSA antibodies.
sensitive as K414R cells and more resistant than S254A cells. Next, we measured the recovery of RNA synthesis after UV irradiation, which is an index of TC-NER activity (Fig. 5B) . RNA synthesis did not recover in S254A cells and Kps3 cells at 24 h after UV irradiation. However, RNA synthesis recovered in K414R cells and S254A-K414R cells as well as WT cells. These results indicated that K414R cells are more sensitive to UV light than WT cells without affecting TC-NER and that TC-NER deficiency caused by the S254A mutation is suppressed by a second K414R mutation. As shown previously, the level of UVSSA S254A was considerably lower than that of UVSSA WT (Fig. 5C,  lanes 3 and 5) . UVSSA is degraded by the proteasome for turnover in cells. Because UVSSA S254A cannot bind to USP7, UVSSA S254A was rapidly degraded. The amount of UVSSA S254A-K414R was comparable to that of UVSSA WT and UVSSA K414R . The effect of the K414R mutation on preventing degradation resulted in suppression of TC-NER deficiency.
UV irradiation leads to CSB degradation in UVSSA-deficient and S254A cells [16] [17] [18] 21, 22] . Therefore, we investigated whether CSB is degraded in K414R and S254A-K414R cells. UV irradiation caused a dramatic decrease in CSB levels in Kps3 (lanes 1 and 2) and S254A cells (lanes 5 and 6), whereas CSB barely decreased in WT (lanes 3 and 4), K414R (lanes 7 and 8), and S254A-K414R cells (lanes 9 and 10). The levels of USP7 did not change significantly after UV irradiation. These results correlated with TC-NER proficiency.
Western blot analysis with anti-UVSSA antibody did not detect mono-ubiquitinated UVSSA in whole-cell extracts (Fig. 5D, upper) . However, mono-ubiquitinated UVSSA was detected in CSK-Triton buffer-insoluble (CSK-ppt) fractions prepared from UV-irradiated WT cells (Fig. 5D, lower, lanes 4-6) . Upon treatment with CSK-Triton buffer, the supernatant contains soluble nuclear proteins, while CSK-ppt fractions contain chromatin-bound and nuclear scaffold proteins. The bands in the Kps3 lanes are considered to be nonspecific bands of a similar size to mono-ubiquitinated UVSSA. Mono-ubiquitinated UVSSA WT levels increased in response to UV irradiation and were higher than those of the nonubiquitinated form. Mono-ubiquitinated UVSSA WT decreased in the CSK-ppt fraction from cells incubated for 8 h. Mono-ubiquitinated UVSSA was not detected in CSK-ppt fractions prepared from K414R and S254A-K414R cells even after UV irradiation. However, UVSSA K414R and UVSSA S254A-K414R levels increased in the CSK-ppt fraction from cells incubated for 8 h (lanes 10 and 14) , which could be attributed to the fact that mutant UVSSA proteins were not degraded.
Discussion
To analyze the function of UVSSA in TC-NER, UVSSA was prepared using a baculovirus expression system and affinity purification with epitope tags. UVSSA is involved in the ubiquitination of the largest subunit of Pol II [18] . However, purified UVSSA did not have ubiquitin ligase activity in the present experiments (Fig. 1A) . UVSSA does not ubiquitinate the largest subunit of Pol II directly, but is rather associated indirectly with its ubiquitination. However, in the present study, mono-ubiquitination of UVSSA was detected in the reactions in the absence of a ubiquitin ligase (Fig. 1B) . Although these are not standard conditions, ubiquitination in the absence of ubiquitin ligases was reported previously [25] [26] [27] . The ubiquitination was likely due to nonspecific ubiquitin ligase activity, which is selective for UbcH5s and H6, although we cannot exclude the possibility that UVSSA displays weak ubiquitin ligase activity and efficiently mediates its self-ubiquitination. UbcH6 was used in some experiments because a higher level of mono-ubiquitinated UVSSA was detected in the in vitro assays. The conditions for ubiquitination in cells and in vitro are thought to differ. We knocked down UbcH5s or UbcH6 using siRNA; however, mono-ubiquitination of UVSSA and degradation of UVSSA S254A were not markedly affected (data not shown). Residual E2 activity may be sufficient for ubiquitination of UVSSA. Alternatively, E2s are considered to function redundantly in UVSSA ubiquitination in vivo, and regulation of ubiquitination may be complicated. In addition, we have not identified the E3. We would like to address these points in a future study.
Mono-ubiquitination of UVSSA in the UVSSA-USP7 complex was lower than that of UVSSA alone when UbcH5c was included in in vitro ubiquitination assays (Fig. 2) . This could be attributed to the deubiquitination activity of USP7. However, mono-ubiquitinated UVSSA levels in the UVSSA-USP7 complex were comparable to those of UVSSA alone in the presence of UbcH6. Moreover, the deubiquitination activity of USP7 was decreased in the presence of UbcH6 independently of complex formation with UVSSA. USP7 interacts with UbcH6 and attenuates UbcH6-mediated ubiquitination [28] ; however, mono-ubiquitination of UVSSA was comparable in the presence of UbcH5c and UbcH6 in our experiments. These results suggest that the deubiquitination activity of USP7 is inhibited by the interaction with UbcH6. 
Lys
414 in the central region of UVSSA was identified as a ubiquitination target site (Fig. 3) . Proteomic analysis revealed that Lys 414 is a ubiquitination target site in UVSSA [24] . Poly-ubiquitination of UVSSA was observed in transiently transfected cells (Fig. 3D) , in which UVSSA was expressed at high levels, and UVS-SA S254A was more poly-ubiquitinated than UVSSA WT . Therefore, excess UVSSA and UVSSA that cannot interact with USP7 are considered to be poly-ubiquitinated at Lys 414 and degraded by the proteasome. Although we did not detect poly-ubiquitination of endogenous UVSSA, poly-ubiquitination may be involved in turnover of UVSSA to maintain a steady level of this protein even when it is expressed at a normal level.
The level of UVSSA apparently increased after UV irradiation in Fig. 5 . UVSSA is constantly produced in stably transfected cells; therefore, the increased level of UVSSA upon UV irradiation is likely due to inhibition of its degradation. A pleckstrin homology (PH) domain of the p62 subunit of TFIIH was recently reported to interact with an acidic string (residues 400-415) in the central region of UVSSA [29] , which contains the ubiquitination site. TFIIH is recruited to lesion sites after specific recognition events during TC-NER, and then the two NER subpathways merge into a common pathway. The level of UVSSA was apparently increased at 8-12 h after UV irradiation; however, the function of TFIIH in TC-NER is considered to be over by this point. Therefore, a PH domain-containing protein other than TFIIH may interact with the acidic string of UVSSA and thereby protect it from proteasomal degradation.
The interaction of UVSSA with USP7 is important for TC-NER. The S254A substitution in UVSSA disrupts the interaction and results in the degradation of UVSSA by the proteasome [22] . USP7 cleaves a ubiquitin chain from UVSSA and, thereby, protects it from degradation. The K414R substitution prevented the ubiquitination of UVSSA although it did not affect the interaction (Figs 3 and 4) . Deficiency in TC-NER caused by the S254A mutation was suppressed by the K414R mutation (Fig. 5B) . These results indicate that UVSSA can function in TC-NER unless it is degraded, even if it does not form a complex with USP7. K414R cells and S254A-K414R cells showed modest sensitivity to UV but recovered RNA synthesis after UV irradiation (Fig. 5A,B) . These results suggest that UVSSA ubiquitination protects cells from UV in addition to its role in TC-NER.
A substantial proportion of UVSSA in the CSK-ppt fractions of UV-irradiated WT cells, which is considered to be chromatin-bound UVSSA, was monoubiquitinated (Fig. 5D) ; however, the role of UVSSA mono-ubiquitination remains unclear. The same lysine residue of PCNA undergoes mono-ubiquitination, poly-ubiquitination, and SUMOylation, and these modifications play distinct roles in DNA replication and postreplication repair [30] . It is thought that UVSSA recruited to DNA lesions must be removed after performing its function. At that time, mono-ubiquitination of UVSSA may mediate its proteasomal degradation [31] . Chromatin-bound UVSSA K414R and UVSSA S254A-K414R may accumulate after UV irradiation because they are not mono-ubiquitinated. Accumulated UVSSA may damage cells and cause cell death (perhaps apoptosis), thereby affecting the survival of K414R and S254A-K414R cells after UV irradiation. Alternatively, mono-ubiquitination has nonproteolytic functions that regulate the interactions and activities of substrates [32] [33] [34] . Mono-ubiquitinated UVSSA may interact with a protein after TC-NER, and this could affect cell survival following UV irradiation. K414R and S254A-K414R cells may be modestly sensitive to UV irradiation due to perturbation of this function.
Experimental procedures
Generation of plasmids and baculoviruses for protein expression
Construction of donor plasmids for UVSSA and USP7 expression by the baculovirus system, preparation of recombinant baculoviruses, and generation of mammalian expression constructs were described previously [22] .
Preparation of UVSSA and the UVSSA-USP7 complex Sf9 cells were cultured at 27°C in Sf-900 II SFM (Gibco, Waltham, MA, USA) supplemented with 10% FCS and antibiotics. Sf9 cells were infected with recombinant baculovirus for FLAG-HA-UVSSA or co-infected with viruses for FLAG-HA-UVSSA and His 6 -V5-USP7 and incubated for 72 h. Infected cells were harvested by centrifugation and stored at À80°C. All purification steps were carried out at 4°C. Cells were lysed in NETN buffer [50 mM Tris/HCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1 mM DTT, and complete protease inhibitor cocktail (Roche, Mannheim, Germany)] at 4°C for 30 min. The cell lysates were clarified by centrifugation at 17 600 g for 10 min and incubated with protein G-Sepharose (GE Healthcare, Uppsala, Sweden) at 4°C for 1 h. The lysates were centrifuged at 3800 g for 1 min, and the resultant supernatant was incubated with anti-FLAG M2 antibody-conjugated agarose (Sigma, St. Louis, MO, USA) at 4°C for 2 h. The resin was washed five times with NETN buffer, and bound proteins were eluted with NETN buffer containing 0.2 mgÁmL À1 FLAG peptide.
The eluted samples were further purified using Superose 12 PC 3.2/30 (GE Healthcare) equilibrated with a buffer containing 20 mM Tris/HCl, pH 8.0, 300 mM NaCl, 10% glycerol, 0.1% Tween 20, and 10 mM 2-mercaptoethanol or anti-HA antibody-conjugated agarose (Sigma).
In vitro ubiquitination assay
The reaction mixture (15 lL) containing 50 mM Tris/HCl, pH 7.6, 10 mM MgCl 2 , 0.2 mM CaCl 2 , 4 mM ATP, 1 mM DTT, 0.1 lg of E1 (UBE1), 0.4 lg of E2, 5 lg of ubiquitin (Boston Biochem, Cambridge, MA, USA), and 10 nM purified UVSSA or UVSSA-USP7 was incubated for 1 h. The reaction was stopped by addition of an equal volume of 2 9 SDS loading buffer, and the samples were subjected to SDS/PAGE followed by western blot analyses using the appropriate antibodies.
Deubiquitination assay
Ubiquitin-rhodamine 110 (Life Sensors, Malvern, PA, USA) was incubated in 100 lL of reaction buffer (200 mM Tris/ HCl, pH 7.6, 20 mM MgCl 2 , 2 mM DTT, and 100 lM BSA) at 25°C. The increase in fluorescence (excitation: 485 nm; emission: 535 nm) due to the release of rhodamine 110 was monitored on a multimode reader (Mithras LB 940).
Expression of UVSSA in Kps3 cells
The Kps3 cell line was derived from a UV S S-A patient and immortalized with SV40 large T antigen and hTERT [16] . Kps3 cells were cultured in DMEM containing 10% FCS and antibiotics at 37°C under 5% CO 2 . The cells were transfected with a FLAG-HA-UVSSA expression construct using the Effectene transfection reagent (Qiagen, Hilden, Germany). For transient expression, cells were harvested 24 h after transfection. To isolate stable transfectants, transfected cells were incubated in the presence of G418 (500 lgÁmL
À1
) for 2 weeks. The G418-resistant clones were assayed for the expression of FLAG-HA-UVSSA by western blotting with anti-UVSSA or anti-HA antibody.
Immunoprecipitation
Cell lysates were prepared using NETN buffer as described above. After preclearance with protein G-Sepharose (GE Healthcare), the lysates were incubated with anti-FLAG M2 antibody-conjugated agarose (Sigma) at 4°C for 2 h. The resin was washed five times with NETN buffer, and bound proteins were eluted with NETN buffer containing 0.2 mgÁmL À1 FLAG peptide.
In vivo ubiquitination assay
Transfected cells were treated with 20 lM MG132 (Life Sensors) for 8 h. Cleared cell lysates were prepared, and immunoprecipitation was performed with anti-FLAG M2 antibody-conjugated agarose (Sigma) as described above.
UV survival and recovery of RNA synthesis after UV irradiation
Cell viability after UV irradiation determined by the colony-forming assay and measurement of RNA synthesis after UV irradiation were as described previously [22] .
Preparation of whole cell extracts and CSK-ppt fractions
Cells (5.0 9 10 5 ) were washed once with PBS and lysed with 100 lL of SDS/PAGE sample buffer (62.5 mM Tris/ HCl, pH 6.8, 2% SDS, 10% glycerol, 0.01% bromophenol blue, and 2.5% mercaptoethanol) by boiling for 5 min. The lysates were used as the whole cell extracts. To prepare CSK-ppt fractions, cells (1.0 9 10 6 ) were resuspended with CSK-Triton buffer [10 mM PIPES, pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 0.5% Triton X-100, 1 mM DTT, 1 mM EGTA, and complete protease inhibitor cocktail (Roche)] and incubated at 4°C for 10 min. The pellet was separated from soluble proteins by centrifugation at 4000 g for 3 min, washed with the same buffer, and lysed with 100 lL of SDS/PAGE sample buffer.
Antibodies
Anti-UVSSA (N1N2; GTX106751) was from GeneTex (Irvine, CA, USA). Anti-USP7 (4833) was from Cell Signaling Technology (Danvers, MA, USA). Anti-CSB (E-18; sc-10459), anti-CSA (W-16; sc-10997), anti-ubiquitin (FL-76; sc-9133), and anti-lamin B (C20; sc-6216) were from Santa Cruz Biotechnology (Dallas, TX, USA). Anti-HA (3F10; 1867423) was from Roche. Anti-Myc (562) was from MBL (Nagoya, Japan).
